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Abstract

Hermetic storage is of interest to farmers and warehouse managers as a method to control insect pests in small
storage facilities. To develop improved understanding of effects of hermetic storage on insect pest activity and
mortality over time, oxygen levels, acoustic signals, and observations of visual movement were recorded from
replicates of 25, 50, and 100 adult Sitophilus oryzae (L.) (Coleoptera: Curculionidae) hermetically sealed in 500- and
1,000-ml glass jars. Recordings were done for 28 d; twice daily for the rst 6 d and twice weekly thereafter. Insect
sounds were analyzed as short bursts (trains) of impulses with spectra that matched average spectra (pro les) of
previously veri ed insect sound impulses. Oxygen consumption was highest in treatments of 100 insects/500-ml
jar and lowest in 25/1000-ml jars. The rates of bursts per insect, number of impulses per burst, and rates of burst
impulses per insect decreased as the residual oxygen levels decreased in each treatment. Activity rates <0.02 bursts
s 1, the acoustic detection threshold, typically occurred as oxygen fell below 5%. Mortality was observed at 2%
levels. The time to obtain these levels of insect activity and oxygen depletion ranged from 3 14 d depending on
initial infestation levels. Acoustic detection made it possible to estimate the duration required for reduction of insect
activity to levels resulting in negligible damage to the stored product under hermetic conditions. Such information
is of value to farmers and warehouse managers attempting to reduce pest damage in stored crops.
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Hermetic storage has been of longstanding interest as a physical
method for control of postharvest insect pests (Bailey 1955, Moreno-
Martinez et al. 2000). One method of control is to remove or replace
atmospheric oxygen (O,) in the storage enclosure (Adler et al. 2000,
Hoback and Stanley 2001, Navarro 2006). A second method, the use
of sealed, gas-impervious hermetic enclosures, is of increasing inter-
est in locales where high levels of infestation are prevalent in small-
scale storage facilities (Tefera et al. 2011, Murdock et al. 2012, De
Groote et al. 2013, Martin et al. 2015, Williams et al. 2017). In the
latter method, the hermetic enclosures seal commodities so tightly
that respiration of aerobic organisms in the commodities depletes O,
enough to cause mortality.

Several studies have been conducted to determine the timing of
mortality under controlled atmospheres with reduced O, or added
carbon dioxide. Bailey (1955) found, for example, that a mixture
of 40% carbon dioxide and 2% oxygen for 17 d was required to
achieve 100% mortality of adult and immature Calandra granaria
L (Coleoptera: Dryophthoridae) (Bailey 1955). In sealed hermetic

environments, the drop in O, is driven by natural processes and
depends on insect species present, pest population, and initial
amount of O, available. Moreno-Martinez et al. (2000) found that
all Sitophilus zeamais L. (Coleoptera: Curculionidae) were dead after
12-d exposure to hermetic conditions where oxygen was reduced to
0% after 6 to 9 d. However, the mechanisms and temporal pattern
of insect physiological and behavioral decline and subsequent death
during hermetic storage are not well characterized.

Several studies have sought speci ¢ mechanisms that cause insect
mortality in hermetic storage. Bailey (1955) measured respiratory
quotient (ratio of CO, produced to O, consumed) of insects in air-
tight conditions. Death was due to the depletion of O, (caused by the
respiration of the insects and the grain) rather than the accumulation
of CO, (Bailey 1955). Other studies have found that death is due to
desiccation rather than suffocation (Murdock et al. 2012).

Previous studies have shown the effectiveness of acoustic tech-
nology in monitoring insect feeding and movement activity and esti-
mating population levels in a grain mass in experimental bins and
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Fig. 2. Oscillogram and spectrogram, of a 0.5-s period of impulse patterns recorded from wheat infested with 100 adults of S. oryzae contained in a 1000-ml
Pyrex glass jar immediately after sealing with a rubber stopper. Activity of higher energy is denoted by darker shading on the spectrogram (256 points per

spectrum, 50% overlap).

Fig. 3. Rates of sound bursts from 25, 50, and 100 S. oryzae adults enclosed
in hermetically sealed (a) 500-ml jars and (b) 1,000-ml jars. The dashed line
indicates the 0.02 bursts s * threshold level for low likelihood of insect presence.

Statistical Analyses
All data were analyzed using Stata SE Version 12 (Stata Corp, TX)
or regression analysis (Proc GLM, SAS Institute 2012) Version 9.4.

The residual oxygen percentage and insect activity measurements were
subjected to analysis of variance (ANOVA). Analysis of covariance
(ANCOVA) was applied to test effects of treatment, storage duration,
and the interaction of treatment and storage duration. For insect activ-
ity, the coef cient of the interaction term was signi cant (P 0.05) and
therefore one-way ANOVA was performed to test for daily differences
during the rst 5 d of storage. Means were separated using Bonferroni
adjustment at 95% con dence level. The regression of mean activity
rate on mean residual O, percentage was analyzed. Pre-storage and
post-storage quality grain parameters of moisture content, weight loss,
and germination capacity were subjected to one-way ANOVA.

Results

Oxygen Depletion Trends for Different Treatments

The daily OxyDot readings were used to estimate the residual lev-
els of O, over time in jars with different treatments. ANCOVA
showed statistically signi cant differences in mean residual O, per-
centages among treatments (F; ., = 57.03; P < 0.001) at different
storage times (F, ., = 221.51; P < 0.001) and their interaction
(Fy1 67 = 13.79; P < 0.001). The signi cance of the interaction term
indicated that each treatment showed signi cant differences in the
rate of decline of O, throughout the storage period; consequently,
ANOVA was carried out to determine the statistical signi cance of
differences on days 1, 5, 15, and 25 (Table 1). On the rst day, the
effect of treatment on residual O, percentage was not signi cant, but
means in both 25-insect treatments were signi cantly different from
those in other treatments by day 5, and multiple signi cant differ-
ences among treatments were observed on subsequent days.

The total O, volume consumed after 28 d was computed and
used to calculate the quantity of O, consumed per insect in different
treatments (Table 2). As expected, residual O, percentages decreased
most rapidly in the 500-ml jars with 100 insects, while they decreased
most slowly in the 1,000-ml jars with 25 insects (Fig. 1). In all treat-
ments, most of the reductions occurred by the 11th day.

Sound Burst Rate Trends for Different Treatments
For the rst 5 d after onset of storage treatments, signals identi -
able as trains (bursts) of insect sound impulses with a broad range
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Table 3. Time after onset until reduction to 5 and 2% residual oxygen, and rate of oxygen depletion to 2% level for different treatments

Mean time (d) — SEM to reach

Rate of oxygen depletion

2% oxygen level (population/d)?

Treatment 5% oxygen level
25 insects/1,000 ml 10.5-0.17
25 insects/500 ml 8.5-0.35
50 insects/1,000 ml 7.8-0.87
50 insects/500 ml 5.9-0.69
100 insects/1,000 mi 45-0.52
100 insects/500 ml 3.1-0.75

13-231 1.92-0.09
11-0.58 2.27-0.12
12-1.73 4.17-0.20
8-231 6.25-0.46
6-1.73 16.67 — 1.66
5-1.15 20-2.42

?Rate of oxygen depletion was calculated as the population in the treatment jar divided by the number of days until depletion to 2% O,

Table 4. Analysis of covariance of effects of hermetic storage treatment, storage duration, and their interaction on the mean rates of bursts,
numbers of impulses per burst, and rates of burst impulses (n = 648 observations)

Parameter Df F P
Rates of bursts
Treatment 5 11.77 <0.001
Storage duration 12 17.64 <0.001
Treatment storage duration 41 2.76 <0.001
Impulses per burst
Treatment 5 3.79 0.0025
Storage duration 12 12.42 <0.001
Treatment storage duration 41 1.78 0.004
Rates of burst impulses
Treatment 5 8.46 <0.001
Storage duration 12 16.77 <0.001
Treatment storage duration 41 1.91 0.001

Table 5. Analysis of variance of insect sound burst rates produced by 25, 50, and 100 Sitophilus oryzae adults during the rst5 d of
hermetic storage treatment in 500-ml and 1,000-ml jars (n = 324)
Daily Sitophilus oryzae mean activity (bursts s )*

Treatment Day 1 Day 2 Day 3 Day 4 Day 5

25 insects/500 ml 0.04 - 0.01a 0.01-0.01a 0-0a 0.09 — 0.05a 0-0a

25 insects/1,000 ml 0.37 = 0.16bc 0.05-0.01a 0.02 - 0.01a 0-0a 0-0.03a
50 insects/500 ml 0.23 - 0.05a 0.18-0.07b 0.05 - 0.03ab 0.1-0.04a 0.02 -0.01a
50 insects/1,000 ml 0.24 - 0.04a 0.05-0.01a 0.01-0.01a 0-0a 0-0a
100 insects/500 ml 0.79-0.17c 0.08 — 0.02a 0.16 — 0.06b 0-0a 0-0a
100 insects/1,000 ml 0.18 — 0.01ab 0-0 0.01-0.01a 0.03-0.01a 0-0a

*All data are means — SEM. Entries in the same column followed by same letters are not signi cantly different (P 0.05). Means were separated using Bonferroni

adjustment.

of amplitudes, spectral features, and temporal patterns were detected
frequently in each treatment. Fig. 2 is an example showing a typical
range of signals in a 0.5-s section of recording from a jar infested with
100 insects. Several groups (trains) of impulses separated by < 200 ms
occur are seen in the example, including those in the intervals of 58.32
58.38 s and 58.45 58.50 s. The spectra of the impulses in these trains
matched well with pro les of previously veri ed insect sounds (as dis-
cussed in Methods above); consequently, the trains were considered to
be insect sound bursts. In all treatments, the rates of signals identi ed
as insect sound bursts were proportional to the numbers of insects per
jar and the rates were highest at the onset of treatment (Fig. 3). The
burst rates thereafter decreased, falling below the threshold levels of
0.02 bursts s * between 3 8 d, depending on the treatment (Fig. 3).
The burst rates in all treatments decreased steadily until 5%
O, was attained in the jars. After declining to 5%, few bursts were
recorded and the activity by insects that were observable through the

glass declined from normal to occasional weak movements. Within
3 d after reaching 5%, the level in all treatments declined further to
2% or lower. At 2%, no insect activity was observed and the insects
were presumed dead. The time taken to attain 2% O, varied from 5
to 13 d among treatments (Table 3).

ANCOVA was conducted to test effects of treatment and storage
durations and their interaction on the mean rates of bursts, mean
No. impulses per burst, and mean rates of burst impulses obtained
from the DAVIS analysis (Table 4). The F values were statistically
signi cant for the mean rates of bursts, impulses per burst, and rates
of burst impulses. To further evaluate effects over storage durations,
we then performed one-way ANOVA to compare mean burst rates
from different treatments over the rst 5 d (Table 5). There was a
greater signi cant difference among treatments during the rst 3 d
when the insects were most active, and by the fth day there was no
signi cant difference among the treatments.
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